Purpureine (1), norpurpureine (2), and 3-hydroxyglaucine (4) were isolated from the leaves of Annona purpurea. A vibrational circular dichroism study for the absolute configuration determination of 1 provides evidence for the mutually dependent atropisomerism, local chirality of the sole stereogenic center, and the geometry of the tetrahedral nitrogen atom in aporphine alkaloids. The observed change in the optical rotation sign between 2 and its hydrochloride 3 might explain why this compound has been reported as dextrorotatory and levorotatory from the same botanical source. Furthermore, 1 H and 13 C NMR spectra of 1, 2 and 4 were fully assigned for the first time. [4, 5] and antioxidant properties [6] . They also act as adrenoreceptor blockers, and are active on the ion channel and nervous system [7, 8] . These compounds are common in Nature and have been found in several plant families and genus with a wide structural diversity [9] . Typical substituent groups at their tetracyclic skeleton include -OH, -OMe and methylenedioxy groups. A peculiar type of stereochemistry characterizes these alkaloids, as they possess mutually dependent axial and punctual chirality, since, although the A and D rings biphenyl system can exist as either the P or M atropoisomer, diasteroisomerism is unlikely because the series with S configuration at C-6a belong to the P atropisomer while the R configuration corresponds to the M series (Figure 1) [10]. In turn, the geometry of the tetrahedral nitrogen atom has not been adequately addressed. It is noteworthy to mention that most of the literature do not follow the numbering recommended by the Ring Index [11] and IUPAC [12] for aporphine alkaloids. Accordingly, the left-upper structure shown in Figure 1 illustrates their correct numbering for atomic connectors (1-3, 4-5, 7 and 8-11) and bond connectors (3a-3a 1 , 3a 1 -6a, 7a-11a and 11b-3a 1 ). We consider it mandatory to use this numbering system throughout this paper and elsewhere.
Aporphine alkaloids have shown cytotoxic [1] , antiviral [2] , immunoregulatory [3] , antiplatelet [4, 5] and antioxidant properties [6] . They also act as adrenoreceptor blockers, and are active on the ion channel and nervous system [7, 8] . These compounds are common in Nature and have been found in several plant families and genus with a wide structural diversity [9] . Typical substituent groups at their tetracyclic skeleton include -OH, -OMe and methylenedioxy groups. A peculiar type of stereochemistry characterizes these alkaloids, as they possess mutually dependent axial and punctual chirality, since, although the A and D rings biphenyl system can exist as either the P or M atropoisomer, diasteroisomerism is unlikely because the series with S configuration at C-6a belong to the P atropisomer while the R configuration corresponds to the M series ( Figure 1 ) [10] . In turn, the geometry of the tetrahedral nitrogen atom has not been adequately addressed. It is noteworthy to mention that most of the literature do not follow the numbering recommended by the Ring Index [11] and IUPAC [12] for aporphine alkaloids. Accordingly, the left-upper structure shown in Figure 1 illustrates their correct numbering for atomic connectors (1-3, 4-5, 7 and 8-11) and bond connectors (3a-3a 1 , 3a 1 -6a, 7a-11a and 11b-3a 1 ). We consider it mandatory to use this numbering system throughout this paper and elsewhere.
The absolute configuration (AC) of aporphine alkaloids has been established by optical rotatory dispersion [13] , electronic circular dichroism [14, 15] and X-ray diffraction [16, 17] . These methods allowed to correlate the AC to their substitution pattern, specific rotation, or the sign of their Cotton effect [10] , since it has been established that aporphines possessing two or more oxygenated substituents in ring D possess the S configuration, while aporphines with or without one substituents on that ring may have R or S configuration [18] . In turn, it was generalized that dextrorotatory isomers correspond to the S series, while R enantiomers are assumed to be levorotatory [10] . Similarly, compounds of the S series show positive Cotton effects and those of the R series Relationship of punctual and axial stereochemistry in aporphine alkaloids. Combinations P,S and M,R are energetically favored, while combinations P,R and M,S are disfavored. The structure with the P,S configuration shows the IUPAC recommended numbering for aporphine alkaloids [12] . negative ones, although exceptions have been found, as it is well known that using optical rotation as the only criterion for the assignment of the AC tends to fall into inaccuracies, since minimal structural variations could change the optical activity sign while maintaining the same AC [19] [20] [21] .
In concordance with the above statement, the AC of some aporphine alkaloids isolated from the leaves of Annona purpurea [22] [23] [24] [25] is somewhat unclear, as they are represented as R or S even though they were isolated from the same plant [24, 25] and their specific rotation was not described, or in some cases the same compound is reported as dextro-or levo-rotatory [23] [24] [25] Accordingly, it was considered relevant to use vibrational circular dichroism (VCD) as a reliable alternative to assign the AC of aporphine alkaloids. This method has demonstrated great efficiency in the assignment of the AC of many natural products [26] [27] [28] although few alkaloids were studied using this approach. The isolation of purpureine (1) from the leaves of Annona purpurea gave the opportunity to use it as a model to apply VCD to correlate its AC by comparing the calculated and experimental VCD curves. In addition, the full assignment of the 1 H and 13 C NMR spectra of purpureine (1), norpurpureine (2), norpurpureine hydrochloride (3), and 3-hydroxyglaucine (4) [29, 30] (Figure 2 ) was performed for the first time.
Dried and powdered leaves of A. purpurea were extracted with methanol at room temperature for 1 week, the crude extract was treated for the selective isolation of alkaloids [31] and purification of the raw selective extract, through successive column chromatographies, afforded purpureine (1), norpurpureine (2), and 3-hydroxyglaucine (4).
The compound showing mp 135-136 °C was identified as purpureine (1) according to its NMR data (Table 3 ). This alkaloid was first isolated in 1967 [32] , and named thalicsimidine, followed by another isolation in 1971 when it was renamed as purpureine [22] . Its AC has been assigned as S based on the sign of its specific rotation ( In order to assign the AC of 1 using VCD [33] , a molecular model of the S enantiomer was built using the Spartan 08 software. Conformational searches using the Monte Carlo protocol and molecular mechanics force field at the MMFF94 level was achieved, yielding 52 conformers within a ΔE = 9.96 kcal/mol. From these 24 conformers possess the nitrogen lone pair anti to the hydrogen atom at the stereogenic carbon atom, while in 28 these groups showed syn orientation. The 52 conformers were subjected to single point energy calculations using density functional theory (DFT) with the B3LYP/6-31G(d) functional and basis set, affording 25 conformers contributing with 100% to the conformational population in an energy gap of 4.67 kcal/mol. All conformers were submitted to complete geometry optimization using DFT at the PBEPBE/DGDZVP level of theory, from which nine conformers, contributing with 94.6% of the conformational population, were observed within a ΔE = 2.18 kcal/mol energy gap, the remaining 16 conformers, individually contributing with less than 0.9% to the total conformational distribution, were neglected. All nine conformers show the anti-orientation of the nitrogen lone pair, and the P configuration at the inherently dissymmetric chromophore, as observed in the four most abundant ones shown in Figure 3 . The nine DFT PBEPBE/DGDZVP minimum energy conformers were used to calculate the IR and VCD spectra at the same level of theory, and their ΔG values (Table 1) were used as the criterion for obtaining the final weighted spectra (Figure 4 ). Similar calculation protocols were undertaken using the B3LYP/DGDZVP and B3PW91/DGDZVP levels of theory, although CompareVOA data contrasting procedures revealed the poorer confidence level results Table 2 . These calculations allow concluding the AC of (+)-purpureine (1) is P,S.
Since the NMR data for 1 are only partially described [22, 29] , their full assignment follows. The 1 H NMR spectrum showed two singlets in the aromatic region assigned to H-11 (δ 7.95) and H-8 (δ 6.77). Three MeO group singlets were assigned by 2D NOESY; two of them (shielded MeO-1 at δ 3.71 and MeO-10 at δ 3.92) showed interaction with H-11, while MeO-9 (δ 3.91) interacted with H-8. The MeO-3 (δ 3.88) singlet showed heteronuclear long-range correlation (HMBC) with ipso C-3 (δ 149.8), which in turn gave correlation with H-4 (δ 2.82) in the same experiment. The remaining singlet belongs to MeO-2 at δ 3.94 The signals assigned to CH 2 -5 were observed at δ 3.07 (ddd, J = 11.5, 6.0, 1.2 Hz) for pseudo-equatoria H-5β and at δ 2.42 (td, J = 11.5, 4.5, Hz) for pseudo-axial H-5 . The signals for CH 2 -4 showed a more complex pattern due to long-range coupling with H-6a; thus, H-4α at δ 2.82 gave a dddd (J = 16.9, 4.5, 1.4, 1.2 Hz) and H-4β at δ 2.90 appeared as a dddd (J = 16.9, 11.5, 6.0, 1.6 Hz). In turn H-6a and both H-7 signals constitute an ABX system whose typical signal pattern was not evident at first glance due to the overlapping and strong couplings shown by H-6a and H-7α. In order to accurately describe the parameters of this system, we resorted to spin simulation. Figure  5 compares the experimental and calculated spectra while Table 3 summarizes the pertinent data. As mentioned above, it can be observed that H-6a shows two homobenzylic couplings with H-4β ( 5 J 4β,6a = 1.6 Hz) and H-4α ( 5 J 4a,6a = 1.4 Hz). A set of 2D NMR experiments to further support the NMR assignments of 1 is shown in the Supporting Material Section.
Once the 1 H NMR chemical shifts were assigned, the 13 C NMR assignments for all protonated carbons followed from an HSQC. In turn, the assignments of the quaternary carbons follow from HMBC correlations as follow. C-11b (δ 122.8) showed a unique correlation with H-11, while C-11a (δ 128.8) gave a couple of correlation with H-11, and H-7α and H-7β through two and three bonds, respectively. Similarly, C-3a 1 (δ 130.8) was assigned according to three-bond correlation with H-7; C-7a (δ 124.6) showed two-bond correlations with H-7 and H-8, and three-bond correlation with H-11, while C-3a (δ 123.2) showed correlations with H-4 and H-5. Since the five MeO groups were assigned in the 1 H NMR spectrum, the assignment of the quaternary carbons C1 (δ 149.4), C2 (δ 145.4), C3 (δ 149.8), C9 (δ 147.6) and C10 (δ 147.9) followed from three-bonds correlation ( Table 3 ).
The column chromatography also provided norpurpureine (2), whose 1 H and 13 C NMR data are also partially described [22, 30] and therefore they were completed now by 2D NMR experiments (COSY, HSQC, HMBC and NOESY) as done for purpureine (1). The 1 H NMR spectrum of norpurpureine (2) showed two singlets at δ 7.98 and δ 6.74 assigned to H-11 and H-8, respectively, and therefore the singlets at δ 3.91 and δ 3.92 were assigned to MeO-10 and MeO-9 according to NOESY interactions with H-11 and H-8, respectively. The singlets at δ 3.95, 3.89, and 3.73 were assigned to MeO-2, MeO-3 and MeO-1, respectively, following the same strategy described for purpureine (1) . The dddd (J = 14.5, 5.0, 1.9, 1.6 Hz) at δ 3.79 was assigned to H-6a and confirmed in the HSQC experiment by correlation with the C-6a signal at δ 54.2. The signals at δ 3.39 (ddd, J = 12.0, 6.4, 1.6 Hz) and δ 2.93 (ddd, J = 12.0, 11.4, 4.9 Hz) were assigned to H-5β and H-5α, respectively. The multiplets centered at δ 2.80 (dddd, J = 16.9, 4.9, 1.6, 1.6 Hz) and 2.76 (dddd, J = 16.9, 11.4, 6.4, 1.9 Hz) were assigned to H-4α and H-4β, respectively. The homobenzylic coupling between H-6a and the two later protons can also be observed. The signals at δ 2.73 (dd, J = 13.4, 5.0 Hz) and δ 2.68 (ddd, J = 14.5, 13.4, 1.1 Hz) were assigned to H-7α and H-7β, respectively. Confirmation of the above 1 H NMR data for norpurpureine (2) was also achieved by simulating its 1 H NMR spectrum (see Supporting Material), and the data are summarized in Table 3 .
Norpurpurein hydrochloride (3) turned out to be amorphous powder, mp = 207-209 °C, whose 1 H and 13 C NMR data are also shown in the Supplementary Material section. Unexpectedly the specific rotation of this compound is levorotatory ([] D -70.4), the opposite sign observed for norpurpureine (2) ([] D +59.2). The back-conversion of norpurpurein hydrochloride (3) to norpurpureine (2), showed again dextrorotatory specific rotation. From these results it could be inferred that the intrinsic levorotatory optical rotation (OR) of 3 might be confused with (-)-2 reported from A. purpurea [23] . This finding shows that the AC assignment of aporphine alkaloids should not be based only on its OR [10] , since it has been shown that OR is not always a reliable tool for the AC assignments [19] [20] [21] . Once the AC of purpureine (1) resulted to be S, as determined by VCD, it can also be assumed that the AC of (+)-norpurpureine (2) and (-)-norpurpureine hydrochloride (3) is S as well, as they were isolated from the same plant and possess the same substitution pattern in the aporphine skeleton [10] . A small amount of 3-hydroxyglaucine (4) was also isolated from the selective extraction as white crystals mp [194] [195] [29] . +59.6 (c 0.2, MeOH) (Lit.
[] D + 74.1 (c 0.6, MeOH) [29] . This aporphine alkaloid has been isolated from Ocotea bucherii [29] , Thalictrum baicalense [34] and Phoebe valeriana [35] , and was also isolated from Annona purpurea [24] . The assignment of the 1 H and 13 C NMR spectra of 4 are also partially described [29] and therefore they are fully described herein (Table 3 and Supporting Material). The same 1 H NMR simulation strategy also allowed the complete assignment of the 1 H NMR spectrum of 3-hydroxypurpureine (3) (See Supporting Material). The AC of this compound has been assumed as S according to the sign of its specific rotation [29] . Since 1 and 4 share a common biogenetic origin, due to their isolation from the same source, both belong to the P,S series.
Since norpurpureine (2) and its hydrochloride 3 showed optical rotations with opposite signs, it was decided to prepare purpureine hydrochloride (5) to determine the sign of its optical rotation to be compared with that obtained for purpureine (1) . Hydrochloride 5 ( Figure 1 ) was dextrorotatory ([] D +42.9), as 1, confirming that there is not a reliable pattern to determine the AC of aporphine alkaloids, as free amines or as quaternary salts, based on the OR.
In summary, DFT conformational optimizations required for the VCD absolute configuration determination of an aporphine alkaloid, like purpureine (1), revealed that the three elements of handedness: atropisomerism of the diphenyl core, the absolute configuration of the unique stereogenic center, and the orientation of the tetrahedral nitrogen atom, are mutually dependent, and therefore S molecules are associated to P atropisomerism. The idea of using optical rotation as the sole criterion for assigning the AC of these compounds has therefore now some theoretical background, although the situation should be handled with care as the substitution pattern in the D-ring, or the presence of the free amine against the hydrochloride may have an influence on the sign of the optical rotation. This paper demonstrates that VCD could be a useful analytical tool which may help to corroborate the AC described for aporphine alkaloids, or to assign new molecules, since atropisomerism always dominates the VCD spectra over local stereochemistry. In addition, a complete assignment of the NMR data of compounds 1-4 was achieved for the first time.
Unfortunately, we were unable to grow single crystals suitable for an X-ray diffraction analysis.
Experimental
General experimental procedures: Melting points were determined with a Fisher-Johns instrument and are uncorrected, optical rotations were acquired with a JASCO P-2000 polarimeter, infrared spectra were recorded on a Perkin-Elmer Spectrum 2000 spectrophotometer, the VCD spectrum was obtained on a BioTools 
